We have obtained the energy spectra of cosmic ray He, B, C, O, Mg, S and Fe nuclei in the range 0.5-1.5 GeV/nuc and above using the penetrating particle mode of the High Energy Telescope, part of the Cosmic Ray Science (CRS) experiment on Voyager's 1 and 2. The data analysis procedures are the same as those used to obtain similar spectra from the identical V2
Introduction
Voyager 1 (V1) has now spent 5 years in interstellar space beyond the heliosphere. The spectra of cosmic ray nuclei with Z=4-28 have already been measured in considerable detail between ~10-200 MeV/nuc (Cummings, et al., 2016) . These low energy intensities may be compared with those measured at higher energies using a variety of other instruments in Earth orbit, but subject to the effects of solar modulation, in order to determine the spectral features related to the acceleration and propagation of these particles. This type of comparison has been difficult in the past because of these solar modulation effects, which are largest at low energies, and remain a problem even at energies up to ~10 GeV/nuc. In fact, the V1 measurements have shown that at ~100 MeV/nuc, the interstellar cosmic ray intensity for C and O nuclei is ~4 times that recorded by the ACE experiment in 2009 (Lave, et al., 2013) when the solar modulation level was the smallest ever recorded at the Earth.
In 2003 we reported earlier results for GeV/nuc particles from the CRS experiment on V2 (Webber, McDonald and Lukasiak, 2003) . We used the particles penetrating the entire High Energy Telescope (HET) (Stone, et al., 1977 ) to obtain energy loss distributions of the relativistic Z=5-26 nuclei. These energy loss distributions were then deconvolved to obtain the energy spectra of the most abundant of these nuclei from ~500 to 1500 MeV/nuc along with an integral intensity value above 1.5 GeV/nuc. This earlier data was obtained in a composite time interval between 1986.0-1989.0 and 1995.0-2000.0, when V2 was between 23 and 54 AU from the Sun and at times when the solar modulation effects in the heliosphere were at a minimum.
So the intensities were higher than any ever recorded at the Earth but still well below the values in the local interstellar medium (LIS). Because of the high overall statistics (~36,500 O nuclei were observed above 1.5 GeV/nuc) the deconvolution procedures could be tuned and spectra were obtained that extended the measurements made earlier at these higher energies at the Earth on HEAO-3 at a time when the solar modulation was much greater (Engelmann, et al., 1990) .
In this paper we extend this higher energy technique to the almost identical V1-HET telescope using a time period of ~4 years, from 2012.9 to 2017.0, when V1 was beyond the heliopause (HP). The energy range covered by these measurements, -0.5-1.5 GeV/nuc, is between the lower energy V1 measurements recently published (Cummings, et al., 2016) and measurements at higher energies where solar modulation becomes unimportant (~30-100 GeV/nuc) and where high precision intensities are becoming available from the AMS-2 experiment (e.g., AMS at CERN, 2015) . Figure 1 shows a drawing of the bi-directional HET telescopes that are on V1 and V2.
The Data
We are interested here in the particles that enter the bottom half of the telescopes through the counters B1 and B2. These particles then pass through C2, C3, C4≡C2-4 and C1 and a PEN event is registered as B1, C2-4 and C1, a 3 dimensional analysis of the three recorded pulse heights B1, C1 and C2-4. C2-4 represents the sum of C2+C3+C4, each counter consisting of a pair of 3mm thick counters (see Figure 1 ). In a cross plot matrix, B1 vs. C1 or C2-4 vs. C1 pulse height events, both pulse heights should lie along the diagonal of the corresponding pulse height matrix as is illustrated in Figure 2 . Thus consistency criteria between B1 and C1 can be applied, for example, resulting in a C2-4 vs. C1 matrix in which the individual charges lie along a diagonal which is determined by their energy loss≡energy in each detector. This is the region between the two heavy diagonal lines in Figure 2 . This energy loss is determined to a high precision in the total of 1.8 cm of Si detectors forming C2-4. This results in pulse height distributions such as those in Figures 3, 4 and 5 of Webber, McDonald and Lukasiak, 2003, (W, M and L here after) showing the individual charges. The FWHM for relativistic O nuclei is ~7.5%. In this paper, in Figure 3 , we show corresponding results for B through O nuclei from the 4 year time period when V1 was beyond the HP.
The analysis of the individual energy spectra for each charge, is best illustrated by the O distribution of events in Figure 3 which extends from the highest O energies which result in the lowest channels, up through the maximum in the pulse height distribution, Imax, up to pulse heights ~1.5 Imax. The deconvolution procedure (pulse height vs. energy) of this pulse height distribution is described in detail in appendix A of W, M and L. The W, M and L spectrum was unfolded out to pulse heights ~1.50 times the minimum O pulse height, at which point it overlaps the distributions for relativistic Ne nuclei. This corresponds to a low energy ~450 MeV/nuc for O nuclei.
This unfolding of the pulse height distribution for each charge used in this paper is similar to the unfolding of the Cerenkov pulse height distributions used by Engelmann, et al., 1990 (see e.g., Figure 4 of that paper), to obtain the energy spectra of Be-Ni nuclei from ~0.6 to ~12 GeV/nuc in their seminal HEAO-3 experiment. In the Voyager experiment we are dealing with the energy loss distributions in 1.8 cm of Si, which are governed by Landau distributions whereas in the HEAO-3 experiment the variations are mainly Gaussian distributions governed by the number of Cerenkov photo electrons. In our experiment the fact that the ionization energy loss for each charge passes through a minimum at between 2.5 and 5 GeV/nuc and then flattens out at higher energies up to ~10 GeV/nuc and beyond (see Figure 13 of W, M and L), sets an upper limit at which the energy loss is changing systematically as a function of energy, of about 1.5 GeV/nuc, above which only an integral flux may be obtained. In the HEAO-3 experiment, because of the dependence of the number of Cerenkov photo electrons on energy, this limit is about ~12 GeV/nuc with an integral point at higher energies.
We also have another limitation which prevents us from obtaining a full energy spectrum from 450 MeV/nuc to >1.5 GeV/nuc for all charges. This is a background for a specific charge Z which arises mainly from the (Z-1) charge (see Figures 3, 4 and 5 of W, M and L). These (Z-1) particles lie between the two heavy lines in Figure 2 and involve (Z-1) particle of energies ~200-400 MeV/nuc and below which have a higher relative energy loss than charge Z particles at higher energies. At still lower energies these lower Z particles will eventually "pull off", above or below the diagonal criteria that are set, depending on whether they are "forward" or "backward" moving particles and as a result they are no longer a background for the higher Z particles. In fact, these particles may be analyzed separately to determine the lower energy spectra of some of the forward moving charges. A detailed study of this lower Z "background", which depends mainly on the spectra of Z-1 nuclei below a few hundred MeV/nuc, was made in W, M and L. Here we select charges where this estimated background from (Z-1) particles is less than 15% of the total counts per channel of the Z nuclei at the minimum ionizing peak, thus including only B, C, O, Mg, Si and Fe nuclei in this analysis. In each case the Z-1 charge has an abundance less than ~25% of the charge for which the spectrum is being obtained and the background from these lower energy events is ~10-15% or less and can be estimated from the spectra of the Z-1 nuclei.
The C2-4 pulse height distributions, an example which is shown in Figure 3 in this paper, may be used to obtain a peak pulse height channel for each of the above six nuclei. These peak channels are presented in Table 1 . Also included in the table are the peak channels obtained from the W, M and L analysis for the V2 telescope. It is seen that the pulse height ratio between the V1 and V2 telescopes in the C4 counter is, V1/V2=0.909+0.005, an average accuracy of less than ~1%. So to derive the energy spectra on V1 we can use the W, M and L energy vs. energy loss calculations (e.g., pulse height channel #'s) for V2, x 0.909=V1 for all six charges. The measured peak E-loss channel for each charge occurs at a pulse height equal to ~1.02 times the channel which defines the 1.5 GeV/nuc energy loss, so this peak channel that is determined from the energy loss distributions essentially defines the energy loss vs. energy scale for each charge. Tables 2A and 2B show the energy interval, the corresponding pulse height interval, the counts and various correction factors, including the deconvolution factor and the background subtraction, leading to the intensity values, percent errors, and various charge ratios derived from the V1 data in this paper for B, C, O, Mg, Si and Fe nuclei. Table 3 in this paper shows the intensities of the nuclei presented in Tables 2A and 2B as a fraction of the Oxygen nuclei intensity=100, corresponding to Table 4 in W, M and L and also Table 4 in Engelmann, et al., 1990. In W, M and L, Appendix B, it was demonstrated that a self-consistent determination of an average spectral index, γ, for each charge could be obtained at an energy of 1.5 GeV/nuc from the relation γ=(1+1.5j0/J0), where j0 is the measured differential intensity at 1.5 GeV/nuc and J0= the measured integral intensity above 1.5 GeV/nuc. These calculations of the values of γ are shown individually in Table 4 The intensity values at all energies for these six nuclei that we obtain from this new V1 analysis as listed in Tables 2A and 2B are shown in Figures 4 , 5, 6, 7, 8 and 9 . These figures include the LIS cosmic ray intensities at lower energies for these six nuclei reported by Cummings, et al., 2016 , and also other spectra measured inside the heliosphere above ~0.5
GeV/nuc including the earlier W, M and L and HEAO-3 results. The spectra between 1.5 and 2.8 GeV/nuc that are obtained from the spectral index, γ, in the present paper are shown as solid red lines between 1.5 and 2.8 GeV/nuc. The 2.8 GeV/nuc point is the energy at which, on average, 0.50 of the integral counts >1.5 GeV/nuc are expected for the differential spectral index obtained which is ~2.0 or slightly less.
The intensities obtained by Engelmann, et al., 1990 , for all six nuclei, and also from PAMELA for B and C nuclei (Adriani, et al., 2013) are included in the above Figures. These earlier measurements at the Earth illustrate the considerable level of solar modulation which ranges, for the HEAO-3 data for O nuclei, from a factor of nearly 3.0 at 620 MeV/nuc to a factor ~1.5 at 1.5 GeV/nuc.
The derivation of the He nuclei spectrum represents a special case of the spectral analysis for the heavier nuclei described above. In this case the spectrum is unfolded from the pulse height distribution along the C2-4 vs. C1 diagonal as is the case for the heavier nuclei. The He counts are obtained in the high gain mode where the peak channel of the pulse height distribution is now 29.5. This pulse height distribution is shown in Figure 10 along with the energy scale that is established from the value of the peak channel and also from the channel value of 207 which corresponds to the maximum stopping energy of 74 MeV/nuc. These channel and energy values are shown in Table 5 .
The complete He spectrum may be determined out to energy losses ~3.2 times minimum from the distribution of diagonal events shown in Figure 10 . The number of events in each energy loss interval, along with the deconvolution correction factor, interaction correction factor and geometry factor x time correction are used to obtain the final intensity. At energy losses >3.2 times minimum, which is about 140 MeV/nuc, the forward and backward He events begin to move off of the diagonal criteria set on the C2-4 vs. C1 matrix. This part of the He pulse height distribution is shown in Figure 11 . Superimposed on this distribution is the energy scale which matches the stopping channel of 207 for 74 MeV/nuc. Only in the energy region between ~130-140 MeV/nuc where the forward (F) and backward (B) moving particles separate from the diagonal, is the spectrum undetermined.
So, in total, the He spectrum can be obtained continuously from about 80 MeV/nuc to ~1500 MeV/nuc. This spectrum is shown in Figure 12 . It agrees with the previous He spectrum from ~130 to 550 MeV/nuc presented by Cummings, et al., 2016 , to within ~5-10% but extends this spectrum to higher energies.
The most difficult aspect of the determination of the He spectrum is the background from the forward and backward moving (Z-1) particles, that is, protons. This involves protons of energy losses from ~3.2-4.5 times minimum, corresponding to proton energies of 100-140 MeV.
The flux of these protons is ~60 p/m 2 ⋅sr⋅s, comparable to the flux of relativistic He above 1500
MeV/nuc. But these particles are well separated using the B1 vs C1 and C2-4 vs. C1 criteria that we establish (see Table 5 ).
The Solar Modulation Potential, φ, That is Present in Earlier Earth Based Experiments as Inferred from the New Voyager GeV/nuc Measurements
The average ratios of intensities at 700 MeV/nuc measured at V1 beyond the heliopause to those at the Earth by HEAO-3 for C and O nuclei are 2.90 + 0.10 and 3.0 + 0.10, respectively.
Calculations of the solar modulation required to produce a ratio of 2.95 using a purely "force field" modulation model (e.g., Usoskin, et al., 2011) give a modulation potential φ=660 + 40 MV at the time of the HEAO-3 measurement. In their original paper, Engelmann, et al., 1990, estimate an average modulation potential of 600 MV for extrapolation to the interstellar spectrum.
In Figure 6 , which shows the newly measured O nuclei spectrum, we also show as a dashed line the predicted HEAO-3 spectrum for a modulation potential = 660 MV starting with an LIS spectrum similar to ours. The agreement with the HEAO-3 measurements is excellent.
Also in Figure 5 , which shows the newly measured C nuclei spectra beyond the heliopause, we show as dashed lines the predicted spectra at the Earth for modulation potentials of 400 MV and 660 MV which fit the PAMELA and HEAO-3 data respectively.
Calculation of the Spectra in a LBM for Cosmic Ray Propagation in the Galaxy and a
Comparison of Voyager Data at ~100 MeV and 1.0 GeV/nuc
The LBM in its simplest form provides a remarkably accurate description of the observed spectra of galactic cosmic rays (e.g., Schlickeiser and Lerche, 1985) . It is therefore valuable to compare the LBM calculations with the new local spectra of cosmic ray nuclei measured by
Voyager at lower energies (Cummings, et al., 2016) , and those reported in this paper which are in the energy range between ~0.5-1.5 GeV/nuc. Deviations between the predictions and measurements may be used to examine departures from the LBM assumptions, therefore providing information on the origin, acceleration and propagation of cosmic rays in the galaxy.
For calculations of these spectra and the relative intensities between ~100 MeV/nuc and 1.0 GeV/nuc we use a truncated LBM, with a path length λ=ρβT = 18.2 β P -0.45 where ρ is the density and T = the diffusion life-time which is ~K -1 . Two of the most important parameters in this calculation are the source spectral indices of the spectra of the various nuclei and the value and the rigidity dependence of the diffusion coefficient used in the propagation in the galaxy.
For the source spectra we assume that all of the primary nuclei C, O, Mg, Si and Fe, have the same source rigidity spectrum with a spectral index, γ, which is independent of rigidity and equal to between -2.24 and -2.28, e.g., dj/dP=P -2.26 , throughout the rigidity range.
For the diffusion coefficient K, we assume that K ~P 0.45 above about 0.5 GV (>33 MeV/nuc for nuclei with A/Z=2). This particular combination of source and propagation spectral indices gives spectra at high rigidities, e.g. above ~100 GV, which are ~P -(γ+0.45) , where γ is the source spectral index. As a result, for a source spectral index = -2.26, interstellar spectra that are ~P -2.71 are to be expected in this higher rigidity range, which is indeed what is observed for He (AMS at CERN, 2015). The dependence of K(P) ~P 0.45 is also consistent with the observed rigidity dependence of the B/C ratio measured by AMS-2 between ~0.5 and 1000 GV (see e.g., Webber and Villa, 2016, 2017) .
A casual inspection of the measured spectra in Figures 4-9 shows many similarities between the spectra. However, if they are all normalized at, for example, the energy of 1 GeV/nuc, then a consistent pattern of spectral difference emerges at lower energies. This pattern is shown in Figure 13 . The particles of higher Z nuclei are deficient in low energy particles relative to those of lower Z.
In Figure 14 we have compared the calculated and measured intensity ratios between 100/1000 MeV/nuc for He, C, O, Mg, Si and Fe nuclei. The calculations, shown as black horizontal lines, are the calculated ratios for source rigidity spectra with indices = -2.24, -2.26
and -2.28 for source spectral indices that are independent of rigidity. The calculations are made with a single break in the rigidity dependence of K(P) at P0=0.562 GV. Below this rigidity, K(P) ~P -1.0 . The calculations are made for a uniform LBM where the PLD distribution is an exponential as described by Schlickeiser and Lerche, 1985 , and also for a modified LBM in which the PLD distributions are truncated at small path lengths (e.g., Garcia-Munoz, et al., 1987) . This effect could arise, for example, if the source distribution were non-uniform or the propagation conditions were non-uniform or a combination of both. This truncation may be approximated by a double leaky box model (DLBM) in which the propagation is the sum of two exponentials, λ1 and λ2, as described by Cowsik and Wilson, 1975 . The resultant PLD is
We have taken λ2=0.04 for He and 0.12 for C and heavier nuclei. These different truncation parameters are in proportion to the rates of energy loss by ionization (Z 2 /A) for He and C. These parameters provide the calculated 100/1000 MeV/nuc ratios shown in Figure 14 as well as the intensities shown in Figures 4-9 and Figure 12 for He, C, O, Mg, Si and Fe.
The measurements of the ratios, shown as red horizontal lines for each charge with error bars, generally lie near the low end of the range of the ratios that are calculated using the DLBM for the source spectral indices in the ranges -2.24 to -2.28, e.g., they are most consistent with source spectra with an exponent = -2.24. The differences in the ratios for different nuclei are due primarily to several factors; (1) the Z 2 /A dependence of energy loss by ionization in the interstellar medium; (2) the conversion of rigidity source spectra to measured energy/nuc spectra e.g., Cummings, et al., 2017 ; (3) the interaction correction in interstellar H and He for the different path lengths at the two energies 100 and 1000 MeV/nuc; and (4) truncation effects due to the details of the source distribution.
At still lower energies below 100 MeV/nuc, the intensity differences between lower and higher Z nuclei increases significantly. The Z 2 /A dependence of energy loss by ionization is even more important at those lower energies, but other charge dependent effects may be important as well. This lower energy range has been discussed earlier in terms of the truncation of the assumed exponential PLD at short path lengths (Webber and Higbie, 2015) and will be treated in a separate paper including the He/C ratio and the individual He and C spectra from a few MeV/nuc to ~1 TeV/nuc (Webber, 2017) .
Summary and Conclusions
This paper describes a determination of the energy spectra of galactic cosmic ray nuclei at energies between about 0.5-1.5 GeV/nuc of several of the most abundant cosmic ray nuclei measured at V1 beyond the heliopause. These energy spectra are determined from the energy loss distributions in a 1.8 cm thick array of three Si detector pairs using a similar procedure to that used to determine these spectra at V2 when it was inside the heliosphere (W, M and L). The energy range over which the differential spectra are measured is from ~500-1500 MeV/nuc with an integral flux obtained above ~1500 MeV/nuc.
These are the first measurements of the LIS spectra in the GeV/nuc energy range which are free of solar modulation effects. As such they may be compared with measurements made near the Earth to establish improved values for the modulation parameters appropriate to these Earth based measurements.
These new GeV/nuc measurements may also be compared with lower energy measurements at ~100 MeV/nuc that are made on Voyager (Cummings, et al., 2016) . When this is done it is found that the measured intensity ratios between 100 and 1000 MeV/nuc are consistent with propagation in a truncated LBM with source spectra that are ~P -2.24+ 0.02 , and are the same for each of the nuclei and also with this source exponent independent of rigidity over the corresponding rigidity range. In this DLBM the diffusion coefficient is taken to be ~P 0.45 above 0.562 GV.
The charge dependence of this ratio that is shown in Figure 13 above 100 MeV/nuc is caused mainly by the Z 2 /A dependence of ionization loss in the interstellar medium. The values of this ratio are also dependent on the spectral index of the source spectra and the conversion to energy/nuc spectra that are measured. The effects can be seen in both Figures 13 and 14.
These measured spectral differences below 100 MeV/nuc correspond to systematic energy dependent peaks in the differential energy spectra of the various nuclei at energies <100
MeV/nuc, perhaps not completely explained by the direct Z 2 /A ionization loss effects but by differences in the path length distributions (truncation) and other Z dependent effects for each charge. These differences will be considered in separate papers concentrating on the lower energy particles, both primary and secondary. (Engelmann, et al., 1990) are shown as solid blue circles. PAMELA (Adriani, et al., 2013) as solid green circles. The V1 measurements at lower energies (Cummings, et al., 2016) Figure 12: LIS He spectrum from 80 to 1500 MeV/nuc from this study and also that published for lower energies (Cummings, et al., 2016) . The calculated He spectrum for a source rigidity spectrum with exponent = -2.24 and an interstellar diffusion coefficient ~rigidity 0.45 above P0=0.5 GV is shown for a LBM with a truncation parameter = 0.04 (see text). 
